INTRODUCTION
============

PMP22 (peripheral myelin protein 22), also known as GAS 3 (growth-arrest-specific protein 3), is a tetraspan glycoprotein most studied for its linkage to hereditary demyelinating peripheral neuropathies ([@B38]; [@B21]). PMP22/GAS 3 has also been implicated in cancers of various tissue origin ([@B23]; [@B51]; [@B28]; [@B34]), in schizophrenia ([@B9]), in major depression ([@B3]), and was identified as a promising biomarker for mood disorders ([@B27]). Despite these associations with disease states and the increasing relevance of PMP22 to human health, the function of the protein remains incompletely understood. In a variety of cell types, overexpression of PMP22 has been shown to affect cellular morphology and lead to membrane protrusions by unknown mechanisms ([@B6]). In endothelia and epithelia, PMP22 is a constituent of intercellular junctions and its expression level affects the barrier property of the monolayer ([@B35]; [@B42], [@B41]). In Schwann cells, PMP22 is involved in the extensive morphological and organisational changes of the plasma membrane that occur during myelination, as in the absence of PMP22 the cells do not form normal myelin ([@B1]; [@B2]). How PMP22 might impact these diverse cellular functions is not known but likely involves post-translational modifications of the protein.

*S*-palmitoylation is a reversible, post-translational modification in which the 16-carbon saturated lipid palmitate is covalently added to cysteine residues via a thiolester linkage ([@B29]). Palmitoylation is known to affect protein trafficking and sorting, protein stability, protein--protein and protein--lipid interactions, and functions such as cell spreading, signalling and migration ([@B19]; [@B54]; [@B56]; [@B47]; [@B18]; [@B29]). Tetraspan membrane proteins like the claudins, to which PMP22 has significant amino acid similarity, can be palmitoylated at membrane-proximal cysteine residues ([@B52]). PMP22 contains one juxtamembrane cysteine at residue 85, which is located in the cytoplasmic region between the second and third transmembrane domains. Based on BLAST searches, this cysteine residue is conserved in PMP22 orthologues among vertebrates, including humans, mammals, chicken (*Gallus gallus*), frogs (*Xenopus laevis* and *tropicalis*) and zebrafish (*Danio rerio*) ([Figure 1A](#F1){ref-type="fig"}), underscoring its likely importance.

![PMP22 is palmitoylated at C85\
Diagrammatic representation of PMP22 (top) with the conserved region surrounding C85 across species (**A**). Palm-YFP (**B**), parental control (Cont), or WT and C85S-PMP22 expressing MDCK (**B--D**) or Schwann (**E**) cells were metabolically labelled with the palmitate analogue 17-ODYA or DMSO vehicle (**B--E**). YFP (**B**) or PMP22 (**C--E**) were immunoprecipitated from RIPA buffer-soluble (**B, C, E**) and -insoluble (**D, E**) extracts. Immunoprecipitates were reacted with biotin azide, and equal portions were treated with either Tris (T) or HN and processed for blotting. The same blot was probed sequentially for 17-ODYA (biotin) and then for Palm-YFP (GFP) or PMP22 (HA). Palmitoylation of WT-PMP22 is detected as a broadband of biotinylated proteins near 25 kDa (arrows), which is removed by HN, but not by Tris (T) treatment. Arrowheads in the MDCK and Schwann cell samples mark the migration position of the immature, Endo H-sensitive PMP22. Palmitoylation is absent in C85S-PMP22 expressing cultures. Molecular mass, in kDa.](an004e101f01){#F1}

To examine the potential palmitoylation of PMP22, we chose MDCK (Madin--Darby canine kidney) epithelia and primary rat Schwann cells, both of which are amenable to PMP22 overexpression and protein trafficking studies ([@B41]). Here, we show that while palmitoylation of PMP22 at C85 (cysteine 85) is not necessary for the maturation of the newly synthesized protein, this lipid modification has a dramatic influence on how PMP22 affects epithelial cell morphology and migration.

MATERIALS AND METHODS
=====================

Cell culture, cloning and establishment of stable cell lines
------------------------------------------------------------

To make non-palmitoylated PMP22, a cDNA encoding the WT (wild-type) mouse protein with a human influenza HA (haemagglutinin) epitope tag sequence in the second extracellular loop in the pCMX vector was used as a template ([@B49]). The amino acid substitution of C85 (TGC) was changed to serine (AGC) \[C85S (C85 to serine)-PMP22\] using the PCR-based Quikchange kit (Stratagene). Clones were fully sequenced for verification. cDNA encoding WT or C85S-PMP22 was then subcloned into the pEFIRES-P vector ([@B20]). To create stable lines, MDCK type II cells were transfected on six-well plates at approximately 50% confluence using 8 μl of Lipofectamine™ 2000 (Invitrogen) and 3 μg of DNA (WT or C85S in pEFIRES-P or empty pEFIRES-P vector) in a final volume of 2 ml of medium per well. After 28 h, puromycin was added at 4 μg/ml to kill non-transfected cells. The next day, puromycin was decreased to 2 μg/ml and maintained at this level for eight additional days. Resulting colonies were pooled, expanded and either maintained for experimental analyses or frozen in aliquots. Puromycin was added to the media at 2 μg/ml for 24--48 h immediately preceding each experiment. Primary rat Schwann cells were cultured as described ([@B24]), and transfected on 10 cm plates using 21 μl of Lipofectamine™ 2000 and 8 μg DNA. Cells were grown in DMEM (Dulbecco\'s modified Eagle medium) with 10% FCS (fetal calf serum) at 37°C in 5% CO~2~. Confluent cultures were split on to tissue culture dishes at 1:5 and maintained using established procedures ([@B24]).

Antibodies and fluorescent organelle markers
--------------------------------------------

Antibodies used included anti-GP135 ([@B41]), anti-HA 3F10 (Roche), anti-α-tubulin (Sigma), anti-ZO1 (Invitrogen), anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase; EnCor Biotechnology Inc.), anti-GFP (green fluorescent protein; Abcam), anti-ezrin (Cell Signaling), anti-caveolin 1 (BD Biosciences) and anti-actin (Sigma). Fluorescein (FITC)-conjugated organelle markers Con A (concavalin A-FITC) and VVL (*Vicia villosa* lectin-FITC) were purchased from Vector Laboratories, and Alexa Fluor®-594-conjugated phalloidin, Lysotracker Red DND-99 and Hoechst were obtained from Invitrogen.

Labelling of palmitate via click chemistry
------------------------------------------

MDCK or rat Schwann cells transiently expressing Palm-YFP (palmitoylatable yellow fluorescent protein) ([@B55]), or stably expressing WT or C85S-PMP22 or no DNA (control) were labelled with 50 μM 17-ODYA (17-octadecynoic acid; Cayman Chemical. Co.) or DMSO vehicle (Sigma) overnight at 37°C. To facilitate dissolution of 17-ODYA in the medium, 37.5 μl 20 mM 17-ODYA stock in DMSO (or DMSO only) was premixed with 75 μl 10% fatty acid free BSA (Sigma--Aldrich), added to 15 ml medium, vortexed, and then 3 ml added per plate. After labelling, cells were lysed in RIPA (radioimmunoprecipitation assay) buffer, separated into detergent-soluble and -insoluble extracts, and processed for IP (immunoprecipitations) as described ([@B57]), with the following modifications. To create insoluble extracts, RIPA-insoluble pelleted material was first solubilized in 100 μl 50 mM Hepes, pH 7.0, 150 mM NaCl, 1% SDS and 10% DMSO, then diluted with 0.9 ml of SDS-free RIPA, spun for 10 min, and supernatants were transferred to clean tubes. Total protein in lysates was measured using the BCA (bicinchoninic acid) kit (Pierce). YFP or PMP22 was immunoprecipitated from the cell extracts with anti-GFP and protein G agarose (Roche) or high affinity anti-HA matrix (Roche) overnight at 4°C. After five washes, bound proteins were eluted with 25 μl of 50 mM Hepes, pH 7, 150 mM NaCl and 2% SDS. Eluates (24 μl) were transferred to fresh tubes and the following reagents added individually to perform the Cu-catalysed click reaction ([@B8]): 0.25 μl 10 mM biotin azide (Invitrogen), 0.5 μl 50 mM TCEP \[Tris-(2-carboxyethyl)phosphine\] hydrochloride (Thermo Fisher Scientific), 0.25 μl 10 mM TBTA {Tris\[(1-benzyl-1*H*-1,2,3-triazol-4-yl)methyl\]amine; Sigma} and 0.5 μl 50 mM CuSO~4~ (Sigma). Reaction mixtures were incubated for 1 h with intermittent mixing, and then 0.5 μl of 0.5 M EDTA added to terminate the reactions. Then, 7.5 μl of each reacted eluate was mixed with an equal volume of 2 M Tris, pH 7.5 (control) or 2 M HN (hydroxylamine), pH 7.5, and incubated at 37°C for 3 h. Samples were reduced with 5 mM DTT (dithiothreitol) at 80°C for 5 min, and resolved on gels and blotted.

Immunoblotting
--------------

Cell lysates (20--25 μg per lane) were resolved using 4--12% or 12% gels in Mops buffer and NuPAGE reagents (Invitrogen), and blotted as described ([@B57]). Blots were probed sequentially for YFP with anti-GFP or for PMP22 with anti-HA and then for biotin with streptavidin-HRP (horseradish peroxidase) (Thermo Scientific). Films were digitally imaged and analysed as described ([@B39]). For deglycosylation reactions, 15 μg of total cell lysates were digested with Endo H (endoglycosidase H) or PNGase F (peptide *N*-glycosidase F) (New England Biolabs) and subsequently processed for immunoblotting ([@B38]).

Pulse-chase labelling experiments
---------------------------------

Pulse-chase analyses were performed as described ([@B38]; [@B43]). Briefly, confluent cells on 6-well plates were labelled with 125 μCi/well ^35^S-methionine and cysteine containing media for 30 min, and then chased with unlabelled media for the indicated times. RIPA buffer-soluble extracts were made from cells harvested at each time point. Protein was measured and concentrations normalized to 1 mg/ml. Then 500 μg of each sample was incubated with HA beads overnight at 4°C with mixing, then beads were washed five times with RIPA buffer. Immunoprecipitate yields were divided in half and either treated with Endo H or G5 reaction buffer (0.5% SDS, 1% 2-mercaptoethanol and 0.05 M sodium citrate, pH 5.5) alone, resolved on gels, incubated with Amplify (GE Healthcare), dried and exposed to film. Densitometric analyses of the autoradiographs were performed using NIH Image software.

Immunofluorescence microscopy and morphological measurements
------------------------------------------------------------

Cells were seeded on to glass coverslips at a density of 3×10^5^ cells per cm^2^ and processed as described ([@B43]), except the blocking buffer was PBS with 10% goat serum and cells were permeabilized for 10 min with 0.1% TX-100 (Triton X-100) in PBS at 20°C. For labelling non-permeabilized cells, the TX-100 step was omitted. For samples double-stained with mouse and rat primary antibodies, the labelling was done sequentially, and secondary antibodies specifically adsorbed against the opposite species were used to prevent cross-reactivity (goat anti-mouse min×rat DyLight 488, goat anti-rat min×mouse DyLight 594; Jackson ImmunoResearch Labs Inc.). Acidic compartments in live cells on coverslips were identified by incubation with 1 μl/ml Lysotracker Red DND-99 (Invitrogen) for 45 min at 37°C, fixed, and processed for visualization. Samples were imaged using a Spot camera mounted on a Nikon E800 microscope, or with a Hamamatsu CCD camera and an Olympus IX81-DSU spinning disk confocal microscope. Images were processed with Spot or Slidebook software followed by Adobe Photoshop and Illustrator CS.

Fully-confluent and uniform monolayers of MDCK cells on coverslips were immunostained for ZO1 as above, and four separate images were captured from similar locations on each coverslip. Images were opened using ImageJ software and the polygon tool was used to trace the ZO1 boundaries of a group of approximately 100 cells, and the software calculated the area within the outline. The number of nuclei within the area was counted, and the total area was divided by the number of nuclei to give the average apical area per cell. To image in the XZ plane, Z-stacks were collected at 0.25 μm steps with a Leica TCS SP2 AOBS Laser scanning spectral confocal microscope, projected and examined in section view.

Wound migration studies
-----------------------

Monolayer cell wounding assays were performed on 4-well Permanox plastic chamberslides (Nunc, Roskilde) as described ([@B41]) with the following modifications. Monolayers were rinsed before and after wounding. After removal of media, a P1000 pipette tip with suction was used to make wounds and take away detached cells in completely confluent monolayers. Wounds were imaged with a Nikon TS100 inverted microscope equipped with a Nikon DS camera immediately after initial wounding and 6 and 20 h later. To ensure that identical areas were imaged at the selected time points, multiple positioning marks were made on the culture plates. To determine migration areas, edges of the wounds were carefully traced with the polygon tool of ImageJ software. Areas at the two time points were then used to compute the percentage of wound closure during the test period.

Rac activity assay
------------------

Rac activity in MDCK cells was measured using the G-LISA absorbance based Rac1 activation assay kit (Cytoskeleton Inc.). MDCK cells were lysed in buffer provided by the manufacturer and clarified lysates were incubated in Rac-GTP-binding protein-coated wells. Following washes to remove non-specific binding, bound Rac1-GTP was detected using anti-Rac1 primary and HRP-linked secondary antibodies. The read-out was obtained at wavelength 490 nm.

Statistical analyses
--------------------

For all experiments, means±S.D. were calculated and statistical significance determined by performing unpaired two-tailed *t* tests using GraphPad Prism software, or online calculators for S.D., *t* test and *P* value.

RESULTS
=======

PMP22 is palmitoylated at C85
-----------------------------

To investigate whether PMP22 is palmitoylated, we used CSS-Palm 2.0 software, which predicts the likelihood of palmitoylation within an input amino acid sequence ([@B40]). Analysing the PMP22 sequence, C85 received a favourable palmitoylation score. To test whether PMP22 is palmitoylated at this site, we mutated C85S, a conservative change expected to preserve protein structure, and stably expressed normal mouse WT or C85S-PMP22 in MDCK type II cells. An HA epitope tag in the second extracellular loop of PMP22 was added for detection, as a tag in this position neither affects the processing nor the trafficking of the protein ([@B49]). To detect palmitoylated proteins in our cell lines, we employed a non-radioactive method in which cells are metabolically labelled with the palmitic acid analogue 17-ODYA ([@B8]; [@B31]). ODYA is identical with palmitate except it contains a single-terminal alkyne group which can be reacted with a biotin-azide reporter via the Cu(I)-catalysed azide-alkyne \[3+2\] cycloaddition (i.e., click chemistry) ([@B31]). Proteins biotinylated via incorporated 17-ODYA can then be rapidly detected on Western blots with streptavidin-HRP ([Figures 1B--1E](#F1){ref-type="fig"}). As a positive control for palmitoylation, we used Palm-YFP, which is identified with anti-GFP antibodies ([@B55]). Palm-YFP-expressing MDCK cells were metabolically labelled with 17-ODYA or its solvent DMSO (control) and Palm-YFP was immunoprecipitated from cell lysates, followed by click-labelling and immunoblotting ([Figure 1B](#F1){ref-type="fig"}). The immunoprecipitated Palm-YFP displays both YFP and biotin-labelling in 17-ODYA but not in DMSO-treated cells ([Figure 1B, top](#F1){ref-type="fig"}). To demonstrate that the 17-ODYA is linked via a labile thiolester bond, click-labelled Palm-YFP immunoprecipitates were treated with Tris (T) as a control, or with HN ([@B8]; [@B31]). HN hydrolyses thiolester bonds and leads to the disappearance of the Palm-YFP label, as compared with Tris ([Figure 1B bottom](#F1){ref-type="fig"}). This result signifies that the 17-ODYA label is S-bonded.

Control and WT- or C85S-PMP22 expressing MDCK cells were similarly labelled with 17-ODYA or its solvent DMSO and lysed in RIPA buffer for immunoprecipitation with anti-HA antibodies. RIPA buffer soluble ([Figure 1C](#F1){ref-type="fig"}) and insoluble ([Figure 1D](#F1){ref-type="fig"}) fractions were processed separately. Although both WT and C85S expressing cells immunoprecipitated PMP22, only WT-PMP22 showed HN-sensitive 17-ODYA labelling ([Figures 1C and 1D](#F1){ref-type="fig"}). Furthermore, the majority of both WT- and C85S-PMP22 is detected within the RIPA buffer insoluble fraction, with approximately 90% of the palmitoylated PMP22 partitioning in this pool ([Figure 1D](#F1){ref-type="fig"}). Compared with WT-PMP22 expressing cells, lysates from the C85S cultures contain a pronounced fast migrating fraction in the detergent-soluble pool ([Figures 1C, arrowhead and 1D](#F1){ref-type="fig"}), likely indicating altered processing of the palmitoylation-deficient PMP22.

We also determined whether PMP22 acquires palmitoylation in Schwann cells which are the most robust site of PMP22 expression ([@B38]). Primary cultures of rat Schwann cells transfected with the WT- or the C85S-PMP22 construct expressed the recombinant HA-tagged protein ([Figure 1E](#F1){ref-type="fig"}). Consistent with the MDCK cells, only WT-PMP22 is 17-ODYA-labelled, as detected with biotin-HRP. The observed broad migration pattern of the recombinant protein seen in these experiments is consistent with the gel mobility of PMP22 from sciatic nerves, and is likely due to heterogeneity in the carbohydrate modification of the protein ([@B38]). The mild reducing conditions required to protect the S-linked 17-ODYA label may have also contributed to PMP22 migrating as a smear ([Figures 1C--1E](#F1){ref-type="fig"}). Together these results show that PMP22 acquires palmitoylation at C85 in both epithelial and glial cells, and mutating this cysteine to serine abolishes the palmitoylation of the protein.

Palmitoylation is not essential for the maturation of PMP22
-----------------------------------------------------------

As palmitoylation is known to affect the trafficking of membrane proteins through the secretory pathway ([@B16]), we compared the processing of WT and C85S-PMP22 by pulse-chase analyses using the MDCK culture model ([Figure 2A](#F2){ref-type="fig"}). Our previous studies show that the majority of newly synthesized PMP22 is targeted for proteasomal degradation and only approximately 20% of the protein acquires complex carbohydrate modification which can be detected by resistance to Endo H ([@B38]; [@B39]). Indeed, at the 2 h chase time point, nearly all of the newly synthesized WT-PMP22 is Endo H resistant (∼98%) ([Figure 2A, arrow](#F2){ref-type="fig"}). In comparison, the C85S-PMP22 still contains a visible Endo H sensitive fraction ([Figure 2A, arrowhead](#F2){ref-type="fig"}), which comprises approximately 15% of the total protein at 2 h. Therefore abolishing the palmitoylation of PMP22 slows the maturation of newly synthesized protein; however, it does not block its processing through the secretory pathway.

![Palmitoylation of PMP22 is not required for the maturation of the protein\
Parental control (cont.), WT- or C85S-PMP22 expressing MDCK cells were labelled with ^35^S-methionine and cysteine for 30 min and then chased with unlabelled media for the indicated times (**A**). RIPA buffer-soluble extracts were immunoprecipitated with HA matrix, divided in half and incubated with (H) or without (**C**) Endo H. Endo H resistant PMP22 is marked with an arrow, while the Endo H-sensitive PMP22 is marked with an arrowhead. To assess the glycosylation of PMP22 at steady-state, total cell lysates (10 μg/reaction) were incubated without enzyme (C), or with Endo H (H) or PNGase F (N) and blotted with an anti-HA antibody (**B**). Light exposure (top panel) of the film shows mature Endo H-resistant PMP22 migrating at around 25 kDa (H, arrows), while the deglycosylated polypeptide resolves approximately 18 kDa (N, arrowheads). A dark exposure of the same blot (lower panel) detects Endo H-sensitive PMP22. Molecular mass, in kDa. Semi-quantitative analyses of five independent experiments reveal that over 80% of WT and C85S-PMP22 similarly achieve Endo H-resistance at steady-state (**C**).](an004e101f02){#F2}

To corroborate the results of the pulse-chase experiments, we compared the glycosylation state of WT- and C85S-PMP22 at steady-state ([Figure 2B](#F2){ref-type="fig"}). Total protein lysates of WT or C85S-PMP22 expressing MDCK cells were treated with Endo H or PNGase F, which removes all N-linked carbohydrates from PMP22 ([@B38]). As shown on the anti-HA Western blots, the majority of both WT- and C85S-PMP22 is resistant to Endo H digestion, and shifts to approximately 18 kDa migration position upon PNGase F treatment ([Figure 2B](#F2){ref-type="fig"}, arrowhead). A dark exposure of the same blot reveals the Endo H sensitive fraction in the samples, with a more prominent band in the C85S-PMP22, as compared with WT ([Figure 2B, arrowhead](#F2){ref-type="fig"}). Nonetheless, semi-quantitative analyses of five independent experiments did not detect a statistically significant difference between the cell lines and indicate that over 80% of WT and C85S-PMP22 similarly acquire Endo H resistance at steady-state ([Figure 2B and 2C](#F2){ref-type="fig"}).

We also examined the trafficking of WT and C85S-PMP22 through the secretory pathway using organelle markers and confocal microscopy ([Figure 3](#F3){ref-type="fig"}). As suggested by the biochemical studies ([Figure 2](#F2){ref-type="fig"}), neither WT- nor C85S-PMP22 is retained in the ER (endoplasmic reticulum), which we identified with the lectin, Con A ([Figure 3A, green](#F3){ref-type="fig"}). On single plane confocal images, large intracellular PMP22-positive vacuoles (detected by HA-reactivity) are prominent in both WT- and C85S-PMP22 expressing cells ([Figure 3A arrows](#F3){ref-type="fig"}). Cells were also co-stained for PMP22 and VVL, a Golgi marker ([Figure 3B, green](#F3){ref-type="fig"}). In agreement with the processing of PMP22 through the Golgi compartment and the resistance of the protein to Endo H at steady-state ([@B38]) ([Figure 2](#F2){ref-type="fig"}), some anti-HA positive structures in both WT and C85S-PMP22 co-localize with VVL ([Figure 3B, arrows](#F3){ref-type="fig"}). Additionally, the cultures were reacted with anti-HA antibody after loading with Lysotracker Red, a dye that is taken up by acidic compartments such as lysosomes in living cells. Neither WT nor C85S-PMP22 accumulates in Lysotracker-positive vesicles, unless the expression of the recombinant protein is very high ([Figure 3C, arrows](#F3){ref-type="fig"}). Together these results indicate that deletion of the C85 palmitoylation site in PMP22 does not significantly impact the intracellular processing of the protein, as compared with WT.

![Palmitoylation-deficient PMP22 traffics through the secretory pathway, similar to WT\
MDCK cells expressing WT- or C85S-PMP22 were fixed and immunolabelled with anti-HA antibodies and organelle markers after detergent permeabilization (**A--C**). In single plane confocal images, intracellular WT- and C85S-PMP22 (red) are often detected around vacuolar structures (arrows) that do not co-label with the ER marker ConA (green) (**A**). Intracellular WT- and C85S-PMP22 are seen in VVL (green) labelled Golgi compartments resulting in a few yellow spots (arrows) (**B**). LysoTracker (red) loaded cultures were stained with anti-HA and show that neither WT- nor C85S-PMP22 (green) overly co-localize with lysosomes (**C**). Vesicles with strong PMP22-like and LysoTracker co-labelling are marked with arrows. Nuclei are stained with Hoechst dye (blue) (**A--C**). Scale bar, 10 μm.](an004e101f03){#F3}

WT and C85S are targeted to the plasma membrane and influence the distribution of apical membrane proteins
----------------------------------------------------------------------------------------------------------

MDCK cells form polarized monolayers where the targeting of proteins to the basolateral and apical membranes can be examined ([@B26]). Our previous studies in these cells showed the localization of endogenous PMP22 at intercellular junctions and alteration in monolayer permeability upon overexpression of human WT-PMP22 ([@B35]; [@B41]). To investigate the effect of palmitoylation on the targeting of PMP22 to the plasma membrane, we immunostained WT and C85S-PMP22 MDCK cultures without permeabilization ([@B53]; [@B8]) ([Figures 4A and 4B](#F4){ref-type="fig"}). Cell surface PMP22 is accessible using antibodies to the HA epitope tag which is located in the second extracellular loop of the protein ([@B49]). In WT-PMP22 expressing cultures, the HA-like staining appears speckled with a ring-like pattern in many of the cells ([Figure 4A left panel, arrows](#F4){ref-type="fig"}). As a control of specificity for the immunostaining, cells that stably express the empty vector (V) yielded low reactivity after incubation with the HA antibody ([Figure 4A](#F4){ref-type="fig"}′). In C85S-PMP22 expressing cells, the HA-like immunoreactivity is rather uniform with some focal concentrations ([Figure 4A, C85S, arrowheads](#F4){ref-type="fig"}) and only occasional ring-like pattern (arrow). To confirm the localization of PMP22 to the apical membrane, non-permeabilized cells were first reacted with the anti-HA antibody and subsequently treated with detergent and incubated with an antibody to the apical marker GP135/podocalyxin ([@B36]) ([Figure 4B](#F4){ref-type="fig"}). Using this approach, we detected a notable co-localization of WT and C85S-PMP22 with GP135 ([Figure 4B](#F4){ref-type="fig"}). In addition, when imaged under identical conditions, we observed intensified GP135-like immunoreactivity in both WT- and C85S-PMP22 cultures as compared with vector control ([Figure 4C](#F4){ref-type="fig"}). In comparison, the expression and the distribution of another apical membrane protein ezrin, which links actin filaments to the plasma membrane ([@B30]) did not appear to be affected by the overexpression of PMP22 ([Figure 4D](#F4){ref-type="fig"}). Ezrin-like staining appears in fine speckles similarly in WT- and C85-PMP22 cultures ([Figure 4D](#F4){ref-type="fig"}).

![Palmitoylation of PMP22 influences the cell surface distribution of the protein, and overexpression of WT- or C85S-PMP22 impact the levels of GP135 and the localization of caveolin\
Non-permeabilized MDCK cultures were immunolabelled with anti-HA antibodies to detect PMP22 on the cell surface (**A**, **B**). WT-PMP22 is detected in clustered puncta which are often arranged in ring-like patterns (arrows). In C85S cells, PMP22-like distribution is more diffuse, with some clustering (arrowheads). Anti-HA-like immunoreactivity is absent in vector only MDCK cells (**A′**, inset). Endogenous apical proteins GP135 (**B**, **C**) and ezrin (**D**) have similar distribution patterns between WT- and C85S-PMP22 cells, and show partial co-localization with PMP22 (**B**). When imaged for the same exposure times, PMP22 overexpressing cells show elevated levels of GP135-like staining (**C**), while ezrin appears unaffected (**D**). In permeabilized cells, intracellular PMP22 (green) is extensively co-localized with caveolin-1 (red) positive vesicles, which appear larger and more clustered when PMP22 is overexpressed (arrows in **E**--**G**), as compared with non-expressing cells (arrowhead in **E** and vector panels). Scale bar, 10 μm (**A**--**G**). Biochemical analyses of apical proteins demonstrate a pronounced elevation of GP135 in WT and C85S-PMP22 cells relative to vector controls, whereas the levels of ezrin, actin and caveolin-1 are not affected (**H**). GAPDH is shown as a loading control. Semi-quantitative analyses of four independent experiments reveal a nearly 7-fold increase in GP135 in both WT and C85S-PMP22 cells, as compared with vector (V) control (**I**). Unpaired Student\'s *t* test; \*\**P*\<0.01; n.s. = non-significant.](an004e101f04){#F4}

To determine whether the palmitoylation of PMP22 affects the distribution of the protein with respect to lipid-rich microdomains ([@B11]) we co-immunostained cells with anti-HA and anti-caveolin 1 antibodies ([Figures 4E--4G](#F4){ref-type="fig"}). In permeabilized cells, WT- and C85-PMP22 are extensively co-localized with caveolin-1 yielding yellow colour on merged images ([Figure 4G](#F4){ref-type="fig"}). Furthermore, we noticed a redistribution of caveolin-1 between vector control and PMP22 expressing cells. Whereas caveolin-1 is distributed throughout the cells in non-transduced and vector control cultures ([Figures 4E--4G, arrowheads](#F4){ref-type="fig"}), the overexpression of PMP22 leads to clustering of caveolin-reactive microdomains ([Figures 4E--4G, arrows](#F4){ref-type="fig"}).

To corroborate the findings from the immunolocalization studies, next we assessed the expression of the studied apical proteins in lysates of vector control, WT- and C85-PMP22 cultures ([Figure 4H](#F4){ref-type="fig"}). In agreement with the immunolabelling studies ([Figure 4C](#F4){ref-type="fig"}), Western blot analyses show the up-regulation of GP135 in WT- and C85S-PMP22 cells as compared with vector control ([Figure 4H](#F4){ref-type="fig"}). In contrast, we did not detect notable changes in the levels of ezrin, actin or caveolin in response to PMP22 overexpression. Semi-quantitative analyses of six independent experiments demonstrate a nearly 7-fold increase in GP135 levels in WT- and C85-PMP22 cultures as compared with vector controls ([Figure 4I](#F4){ref-type="fig"}). These results indicate that although palmitoylation is not required for apical targeting of PMP22, the distribution and levels of certain apical proteins are impacted by the overexpression of PMP22, with discernible differences between WT and C85S.

Palmitoylation of PMP22 impacts epithelial cell morphology and migration
------------------------------------------------------------------------

In MDCK epithelia, PMP22 is a constituent of tight junctions and overexpression of the human WT protein leads to expansion of the apical cell surface and flattened morphology ([@B35]; [@B41]). To examine if palmitoylation impacts the junctional targeting of PMP22 or its influence on cell shape, WT and C85S cells were co-stained for PMP22 and zonula occludins (ZO-1), a recognized junctional protein ([Figure 5](#F5){ref-type="fig"}). As displayed on the single plane confocal images, both WT- and C85S-PMP22 are co-localized with ZO-1 at intercellular junctions ([Figures 5A and 5B](#F5){ref-type="fig"}) indicating that the palmitoylation state of PMP22 is not crucial for targeting the protein to these sites. In agreement with our previous experiments with the human WT-PMP22 ([@B41]), overexpression of the mouse PMP22 is associated with an increase in the apical cell surface as compared with vector controls ([Figures 5A, 5A′ and 5C](#F5){ref-type="fig"}). Notably, the apparent apical cell area is further increased in C85S-PMP22 cells in comparison with WT ([Figures 5A and 5B](#F5){ref-type="fig"}). To quantify this effect, confluent MDCK monolayers were immunostained with anti-ZO1 antibody and the apical areas were assessed. Measurements in over 400 cells per condition revealed a nearly 30% increase in apical area upon overexpression of C85S-PMP22, as compared with vector control ([Figure 5C](#F5){ref-type="fig"}). The expanded apical area of C85S cells could be due to a flattened morphology, as seen before in human WT-PMP22 cultures ([@B41]), or a gross increase in overall cell dimensions. To evaluate cell height, confluent monolayers stained for filamentous actin were imaged in the XZ plane ([Figure 5D](#F5){ref-type="fig"}). Control and WT-PMP22 expressing monolayers display relatively even heights while the C85S monolayer shows thinning, and a rolling hill-like morphology, with peaks over the nuclei and valleys in between ([Figure 5D, arrows](#F5){ref-type="fig"}). Thus, the increased apical area of C85S cells is associated with morphological changes in spreading and flattening.

![Palmitoylation-deficient PMP22 is detected at intercellular junctions and is associated with an increase in apical cell area\
Permeabilized MDCK cultures were double immunolabelled with anti-HA (PMP22, red) and Z01 (green) antibodies and imaged by confocal microscopy (**A**, **B**). ZO1 delineates the intercellular junctions and reveals expanded cell boundaries in C85S-PMP22, as compared with WT. Both WT- and C85S-PMP22 partially co-localize with ZO1 (**A**, **B**; merged). Inset in (**A**) shows ZO1-like staining in vector control cells. Quantification of apical areas measured from ZO1 immunostaining demonstrates apical area expansion in WT (*n* = 430) and C85S-PMP22 expressing (*n* = 407) cells, as compared with vector (V) (*n* = 432) control (**C**). Unpaired Student\'s *t* test \*\*\**P*\<0.001. Confocal *X*--*Z*-plane images of control, WT- and C85S-PMP22 expressing MDCK cultures after staining with actin-phalloidin (green) (**D**). Nuclei are labelled with Hoechst dye. C85S monolayers are irregular with cells spaced far apart and thinned between nuclei (arrows). Scale bar, 10 μm.](an004e101f05){#F5}

Another important aspect of epithelial biology modulated by PMP22 is cell migration, which can be assessed by the capacity of monolayers to heal after wounding ([@B41]). Epithelial cells form an actin belt along the wound edge and leader cells extend lamellipodia and actively draw the monolayer forward to close the wound ([@B13]; [@B10]). Concurrently, cells at the wound edge, and several layers deep, flatten and spread out as lamellipodial crawling proceeds. In such a wound-migration assay, human WT-PMP22 expressing MDCK cells closed wounds approximately 60% slower than controls and displayed reduced lamellipodial protrusions ([@B41]). Using the same cell migration assay, we find that when the cultures were stained with the F-actin marker, phalloidin, WT-PMP22 expressing cells display a nearly uninterrupted actin purse-string along the wound edge and only few lamellipodial protrusions ([Figure 6A, arrowhead](#F6){ref-type="fig"}). In contrast, C85S and control cultures contain leader cells with lamellipodial protrusions, as they migrate to close the wound ([Figure 6A, arrowheads](#F6){ref-type="fig"}). In agreement, when nuclei in wounded monolayers are visualized, WT cultures appear compact at the wound edge, while C85S cells spread out as effectively as vector controls ([Figure 6B](#F6){ref-type="fig"}). To quantify these observed differences, we analysed MDCK cell migration 6 and 20 h after wounding ([Figure 6C](#F6){ref-type="fig"}). Consistent with the morphological observations, mouse WT-PMP22 expressing cultures are slow to migrate as compared with vector control. In contrast, C85S-PMP22 cultures close wounds quite efficiently, showing no slowing relative to vector control ([Figure 6C](#F6){ref-type="fig"}). Rho-like GTPases which include Rac1 have been identified as key regulators of epithelial architecture and cell migration ([@B44]). As both lamellipodial formation and cell migration are substantially decreased in wounded WT monolayers ([Figures 6A--6C](#F6){ref-type="fig"}), we hypothesized that Rac1 activity may be inhibited either directly or indirectly by overexpressed WT-PMP22. To test this, we measured Rac1 activity in vector control, WT-PMP22 and C85S-PMP22 expressing cultures using a commercial assay kit. Indeed, Rac 1 activity is reduced by approximately 18% when PMP22 is overexpressed, and this result is consistent among multiple independent experiments with WT and C85S cultures ([Figure 6D](#F6){ref-type="fig"}). However, since lamellipodia morphology and migratory behaviour are normal when C85S-PMP22 is overexpressed, downstream effectors of Rac1 activity may be differentially affected by the palmitoylation of PMP22. Together these results suggest that the palmitoylation state of PMP22 is a critical determinant in modulating the interactions of the protein with molecules influencing epithelial cell migration.

![Palmitoylation of PMP22 slows cell migration during wound closure\
Protrusive activity and distribution of actin were examined along the wound edge 24 h postwounding (**A**). Cultures stained with phalloidin to detect F-actin reveal lamellipodial extensions of the plasma membrane (arrowheads). Scale bar, 20 μm. Images of nuclei at and near the wound edges reveal that WT cells remain compact and resist spreading into the wounded area (**B**). Nuclei are labelled with Hoechst dye. Scale bar, 85 μm. The extent of migration of vector, WT- and C85S-PMP22 overexpressing cells were analysed after 6 and 20 h of the initial wounding (**C**). Quantification of percentage area migrated for each cell line from at least three independent experiments indicates that palmitoylation of PMP22 is associated with increased resistance to migration. Unpaired Student\'s *t* test \*\*\**P*\<0.001; n.s. =  non-significant. Rac1 activity for each cell line was measured using a colorimetric assay and values from four independent experiments were plotted, with respect to the positive control (**D**). Unpaired Student\'s *t* test \**P*\<0.05; \*\**P*\<0.005; n.s. =  non-significant. V, vector control; AU, arbitrary units.](an004e101f06){#F6}

DISCUSSION
==========

In this study, we show that mouse PMP22 is palmitoylated at C85 and mutating C85S abolishes PMP22 palmitoylation. We further demonstrate that the palmitoylation state of PMP22 impacts the trafficking and function of the protein in MDCK cells. While at steady-state both WT and C85S-PMP22 acquire \>80% resistance to Endo H digestion, by pulse-chase analyses we detect slower maturation of the mutant protein as compared with WT. We find that in polarized epithelia WT- and C85S-PMP22 sort differently at the apical plasma membrane and partially co-localize with GP135 and caveolin. The overexpression of WT- or C85S-PMP22 similarly increases the levels of GP135 and alters the localization of caveolin. Additionally, WT and C85S cultures display morphological differences at confluence with C85S cells appearing apically expanded and flattened. In a wound-migration assay, WT cells resist changing morphology or migrating, while C85S cells perform similarly to vector controls. Overall, these data indicate that while palmitoylation of PMP22 is not essential for targeting the protein to the plasma membrane, it favours the maintenance of a compact, stable monolayer.

Post-translational modification is critical for the functioning of membrane proteins, yet for PMP22 this aspect has not been investigated in detail. Previously, we found that glycosylation at asparagine 41 was not essential for trafficking PMP22 to the plasma membrane; however, it had an influence on PMP22 oligomer stability ([@B43]). Palmitoylation has recently emerged as a reversible post-translational modification that can influence the trafficking of proteins between membrane compartments ([@B29]). In polarized cells, such as neurons and myelinated glia, the correct and dynamic trafficking of proteins to specific membrane domains is critical for basic function ([@B17]). While a large number of palmitoylated neuronal proteins have recently been identified, with regard to glial biology this modification has been less studied. As lipid modifications, such as palmitoylation, increase the hydrophobicity of proteins, it is highly likely that palmitoylated proteins are abundant in myelinated glial cells. Indeed, myelin protein zero (P0), which constitutes approximately 50% of the total protein in peripheral nerve myelin was shown to be palmitoylated at cysteine 153 ([@B5]; [@B33]). More recently, it was reported that palmitoylation of P0 peptides increases the immunogenicity of the protein, suggesting a role in immune-mediated disorders of the peripheral nervous system ([@B4]). While we have not investigated how palmitoylation influences the functioning of PMP22 in peripheral nerves, there are two human neuropathy-associated mutations (L80P, L82P) ([@B50]) that dramatically decrease the palmitoylation score for C85 from high (likely) to low (unlikely). This data raises the possibility that these mutations impact nerve health via a negative effect on PMP22 palmitoylation.

Besides being a hydrophobic tetraspan membrane protein, and the conservation of C85 across species ([Figure 1](#F1){ref-type="fig"}), PMP22 has other properties that suggest a critical role for palmitoylation in regulating the activity of this disease-linked molecule. As mentioned above, PMP22 forms homodimers and larger oligomers ([@B48]), which could be regulated by palmitoylation ([@B25]). Furthermore, PMP22 is an aggregation-prone proteasome substrate that accumulates in cytosolic aggregates when the proteasome is inhibited or the protein is overproduced ([@B14]; [@B49]). While the specific site(s) of ubiquitination have not been identified, accumulation of poly-ubiquitinated PMP22 is detected in cells after proteasome inhibition ([@B15]). As palmitoylation has been shown to prevent the ubiquitylation of proteins ([@B29]) it is possible that the subcellular fate of PMP22, at least in part, is regulated by dynamic interactions between these two pathways. Interestingly, our pulse-chase studies did not detect increased degradation of the palmitoylation-deficient PMP22, but rather showed an extended half-life of the Endo H-sensitive C85S protein, as compared with WT ([Figure 2](#F2){ref-type="fig"}). This finding indicates slowed trafficking and/or recycling of C85S-PMP22 between the early-Golgi and ER compartments, which are check points for PMP22 protein quality control ([@B38]; [@B45]).

The interpretation of the results presented in this article is limited by the fact that we used the MDCK cell model, rather than primary Schwann cells. The rationale for taking this approach stems from previous reports that have proposed an analogy between the apical and basolateral domains of epithelial cells and compact and non-compact myelin, respectively ([@B26]). For instance, PLP (proteolipid protein), a component of compact myelin in oligodendrocytes, is targeted apically in MDCK cells ([@B26]). Furthermore, molecular control of polarization in peripheral nerve myelin has been shown to be similar to that in epithelial cells ([@B37]). In addition, while overexpression of PMP22 can induce cell death and membrane blebbing in Schwann cells ([@B12]), in MDCK cells we found a remarkably efficient maturation of the exogenous mouse protein ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Using this model allowed us to detect PMP22 on the apical membrane in non-permeabilized MDCK cells, which is also the site for proteolipid protein targeting ([@B26]). Since both PMP22 and PLP are tetraspan protein components of compact myelin ([@B7]), this finding further validates the use of polarized epithelia for studies of myelin protein trafficking.

A somewhat surprising finding in our studies concerns the efficient trafficking of palmitoylation-deficient PMP22 to the plasma membrane ([Figures 3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}). This is in contrast with findings in cultured oligodendrocytes, where palmitoylation regulates the sorting of proteins to specific membrane domains ([@B47]). In co-cultures of neurons and oligodendrocytes, palmitoylated proteins were translocated into myelin-like membranes while a palmitoylation-deficient PLP mutant did not target efficiently to these sites. Similarly, another tetraspan protein claudin-14, was less efficiently localized to specific membrane domains when palmitoylation was abolished by site-directed mutagenesis ([@B52]). In our approach, instead of using a chemical method to block palmitoylation in general, we used site-directed mutagenesis to selectively prevent the palmitoylation of PMP22. While we did not detect pronounced differences in the localization of WT- or C85S-PMP22 in the major organelles, the distribution of the exogenous proteins on the apical plasma membrane is distinct. As palmitoylated proteins tend to associate with each other and are found in lipid rafts ([@B55]), it is likely that this lipid modification influences the interaction of PMP22 within the plasma membrane either by association with rafts, or with other hydrophobic or palmitoylated proteins. Differences in the distribution of WT- and C85S-PMP22 at the plasma membrane could also influence functionality and downstream signalling. Up-regulation of GP135 but not ezrin ([Figure 4](#F4){ref-type="fig"}) suggests that PMP22 is involved in regulating GP135 expression in MDCK cells. GP135 establishes a preapical domain in single MDCK cells, and its down-regulation causes defects in polarization ([@B32]). As our evidence indicates that PMP22 is upstream of GP135, it may also be a regulator of these processes. In addition, GP135 is the canine orthologue of human podocalyxin, involved in formation of podocytes in the kidney, and a malignancy marker in a variety of cancers ([@B22]). PMP22 has also been implicated in cancer, raising the possibility that PMP22 could influence GP135/podocalyxin expression in some types of tumours.

How might the palmitoylation state of PMP22 alter the morphology and migrational status of cells from a mechanistic perspective? Concerning cell morphology, WT cells in confluent monolayers are compact whereas C85S cells are spread out and resist adopting a compact morphology ([Figures 4](#F4){ref-type="fig"}--[6](#F6){ref-type="fig"}). These results suggest that palmitoylated PMP22 is involved in the efficient transition from a polygonal, flat morphology to a compact, columnar shape at confluence. Furthermore, the wound-healing assay shows that C85S cells are quite able to spread out and migrate across the wounded area, while WT cells resist doing so ([Figure 6](#F6){ref-type="fig"}). The inhibitory activity of WT-PMP22 on lamellipodial protrusion and cell migration, in part are likely driven by inhibition of Rac1 at the plasma membrane, yet both WT- and C85S-PMP22 similarly inhibit Rac1 activity, and increase the expression of GP135 (podocalyxin) an indirect Rac1 regulatory protein ([@B46]; [@B22]). This finding suggests that the palmitoylation state of PMP22 impacts the interaction(s) of the protein with other signalling pathways that influence the migratory behaviour of epithelia. Besides affecting Rac1 activity, another plausible way WT-PMP22 might affect these processes is through interaction with occludin, a tetraspan tight junction protein recently shown to regulate epithelial migration ([@B10]). Occludin knockdown decreased formation of lamellipodia at the wound edge in MDCK cultures and increased the actin belt. Endogenous canine PMP22 is co-expressed with occludin at apical intercellular junctions in MDCK cells ([@B35]), which raises the possibility that palmitoylated PMP22 may affect occludin at the junctions and interfere with its activity.

In summary, based on these findings it will be important to investigate whether palmitoylation affects the trafficking, targeting, or function of PMP22 within Schwann cells and myelin. Particularly, in light of known disease-causing PMP22 mutations near the palmitoylation site ([@B50]) advancing the understanding of PMP22 lipid modifications will likely provide insights into conditions that centre on PMP22 dysfunction.
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